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ABSTRACT

9136C

Harmonic generation of surface acoustic waves (SAW) is a useful tool for studrinc surface

microcrack initiation during fatigue of high strength aluminum alloys.

We have developed a

rmodel whicl: relates the length and density of such microcracks, initiated during fatigue. with

SAW harmonic generation signals.

It was found that the resulting quantitative relationship

hetween the acoustic data and the remaining fatique Tife is accurate to within 5% over the last

50% of the fatigue 1ife, spent in the microcrack initiation phase.

Extensive tests are now

underway to study the general applicability of these concepts to a wide range of high-strength

Al alloys.

Furthermore, we have started to separate the various contributions to harmonic

generation from microcrac!s that are smaller than the average grain dianeter, from those that

have been able to grow out of the grain of their origin.

These considerations are important in

that they (1) provide detailed insicht into the process of fatigue damage and (¢) ray improve
our remaining Tife prediction capability, particularly during the first 90% of the total fatigue

Tife.
Force.

INTRODUCTION

The objective of the present work is to
establish a procedure for the prediction of the
remaining Tife of an originally suecth, unflaved
metallic component. Cxtensive scanning electron
microscopy (SCM) itgdies on certain aluminu.,
alloys have shown*"° that the presence of
intrinsic defects in the material such as
brittle intermetallic inclusions, will Tead to
the nucleation of microcracks during fatigue of
these alloys. After nucleation the microcracks
grovw into the ratrix, interact with the grain
boundaries, and eventually coalesce with other
microcracks to fcrm a macrocrack whose sub-
sequent qrowth will finally terminate the life
of the specimen, as discussed extensively hy
Morris and James in this volume. Furthermore,
it has already been shown that simple analytical
models of crack nucleation, early crack growth
and coalescence in aluninun alloys are ahle to
describe the fatigue failure process, yielding
mean and scatter of the life cven as th pean
grain diameter of the alloy is changed.’*"
These models, which are the basis for a Vonte
Carlo simulation, relate the probability of
nuclcation and rate of early cracl. propagation
to the alloy microstructure in the vicinity of
an initiation site. Further studies are under-
way to improve these models.

Such knowledge of the development of
fatigue damage is one necessary input for a
successful Tlife prediction, prior to the for-
mation of the macrocrack. The sionitoring of
this damage, using a nondestructive testing
nethod, forms the other input. Present day,
standard nondestructive testing methods are, in
generdl, not sensitive enough to detect such
microscopic damage before the ultimate macro-
crack is formed. Therefore, and in parallel to
the above investigations on the microscopic
events leading to ultimate failure, evaluations
on new nondestructive testing wnethods capable of
monitoring these microscopic events have been
performed.” One of these methods, the
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This concept scems to have -applicahility to the "Retirerent for Cause” program of the Air

cencration of harricnics in surface acoustic
waves, has been extensively studied and was
found to be sonfati¥e to microcracks developed
during fatigue. "~ In the following a
tentative relation between the harmonic
generation and microcracking parameters is
suggest::d and tested, Teading to a seni-
quantitative prediction of the remaining Tife
for a high-strength aluminum alloy. At the
present time it is believed that the remaining
1ife prediction i5 accurate to within 5% over
the last 50% of the total fatijgue life, starting
with a smooth kar specimen. This is certainly
an improvement over present day fatigue life
prediction capabilities, which can only be
applied after the formation of the macrocrack.
Since the cpitical flaw sizes in retals may be
quite small® (low fracture toughness materials)
the present results suggest that haruionic
generation may -be a useful tool for early crack
detection and that the suggested procedures nay
be applicable to programs such as the
"Retirement For Cause" program of the Air
Force.

The generation of sccond harionics by
surface acoustic waves during fatique of a high
strengtT0a15minum alloy has recently hteen re-
ported.~-~ The enhanced generation of a
second harrionic with fatigue is attributecd fo an
increased anelasticity of the surface due to
development of surface microcracks. Considering
a surface crack as an unbonded interface, a
possible mechanism for this gencration is the
distortion that the fundamental .surface wave
experiences as it propagates azross the unbonded
1nt?;face. The effect was predicted by Richard-
son*” who calculated the hariwonic amplitude
generated by the opening and closing of an
unbonded interfacc hetween twe semi-infinite
solid materials for the particular case of an
incident planc, longitudinal bulk wave. These
calculations indicate that the harmonic
aeneration efficiency depends strongly on the



external applied stress, and that under optimum’ TAELE I
conditions (close to zero applied stress) the

. . " o
second harmonic amphtu@e is larger than 17% (.)f Total number of fatigue cycles applied to produce a longest microcrack of
the fundamental, exceeding by far all generation 500 ym.
from other noTlinear sources, ST%h as lattice
anharmonicity*® or dislocation. It is
believed at the present time, that sinilar Stress Level Fatique Cycles
considerations are applicable to the harmonic
generation of surface waves, as will be

; : - 0.59%,4 22,000
discussed in the following. ?yield

0.760 1014 8,000

The experimental set-up to deterniine
harmonic generation in surface waves as a
function of fatigue was extensively discussed in 0.9y 4g1q
Ref. 12. Briefly, a fundamental SAW (5 MHz) was
transmitted across the gauge section of canti-
lever beam specimens (Al 7075-T6) that were

2,500

fatigued in flexure. The tapered geometry L
generates a uniform surface stress and thus a effects into account.li Assume that the funda-
fairly homogeneous density of microcracks (how- mental is attenuated according to
ever note that the through-the-thickness stress
distritution is non-uniform). . x
. 1
The amplitude of the second harmonic Al(x) B Al(o)e (1)

(10 Miz) was ieasured at several increments of

fatigue. This second harmonic signal is at a .
; - wheire Ay (o) is thie (constant) fundamental
max1Eup c]osg to'ieEQ S$rfgcg s?resih(the specit- ampaituéé éenerated(by thentzansmitter. ap is
men being under static Toad during the ) A e ) ]
measurement) and this maxinum 1ncre§ses with ;23 5t§ﬁ2u3:332922?2:1ﬁ}ggzngz Ecgyfggggmgﬂza'
$xpenggd fa$1gge 11fe,lcons1§ten$ w1th theA trangﬁi*zer Detween x and x +A§ the incri—
ormation of microcraclis during fatique. RSO . . 2
summary of these resu]tslg is shown in Fig. 1, mental second harmonic generation would be
{
5 ~a,X \ErX) .
1 * l L My (x) = 8[A ()T 2 ax (2)
/ ) .
//
omax = 0.9 oyi . . . .
ar- max wem—\\\\y/ = with 8 being a coefficient of seccnd harmonic
/ generation efficiency, aj the attenuation of the
/ second harmonic and n the power relationship

between the second harmonic and the fundamental
amplitude. Integration cver the total path-
Tength, &, yields the received second harmonic
amplitude
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Fig. 1. llarmonic generation as a function of
percentage of life in initiation for
three different cyclic stress ampli- in which the integration constant is determined
tudes (Ref. 12). by the second harcionic contributions from the
: lattice anharmonicity and dislgcation harmonic
in which the change of the peak value of the generation. In previous worl™c it was obsurved
second harmonic is given as a function of the that the effects of attenuation are appreciable
fraction of expended life in the initiation only if the interrogated surface of specimen is
phase of fatigue, which is here defined as that under tension or, in other works, if the cracks
part of the tctal life necessary to produce the are fully open. The present work is concerned
first large microcrack having a length of only with the development of the maximum in
approximately 5CC wm. Actual total numbers of harmonic generation, whicl cccurs close to zero
fatigue cycles applied to each specimen are surface stress (see Fig. 1). Therefore both «;
given in Table I. The curves presented are and ap will be neglected in the following
basically "raw" data since a portion of the discussion. Furthermore the harmonic generation
second harmonic ceneration is obscured hy the data will be normalized to the value oktained
changes in attenuation the SAW experiences due prior to fatigue, so that the integration con-
to scattering at the microcracks. In order to stant in Egn. (3) is equal tc 1. Under these
unfold these competing effects, a simple simplified conditions

analysis has heen rade taking attenuation
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Ay(2)-1 = 82[A(0)]" (4)

The sccond harmenic qgeneraticn cocfficicent B is
the quantity that is related to the microcrack-
ing parameters, important to a successful
fatique life prediction.

Such nicrocracling paramcters have been
obtained from each of the specimens inter-
rogated, using SCM and 1in some cases, using
optical microscopy. Since most of the cracks
are partially closed, it was necessary to load
the specimeg in tension for easy observation of
the cracls.”, Histograms of the cracking density
A {cracks/cm®) as a function of crack length
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Fig. 2 Histogram of the crackinc density as
a function of crack length.

(2¢) were then obtained, an example of which is
shown in Fig. 2. Such histograms as a function
of fatigue should contain all infornation
necessary to determine the hariionic generation
coefficient B . In the werl reported here,
detailed histograms have been taken only after
termination of the harmonic generation experi-
ments (100% of the fatigue life expended in the
initiation phasc). Histogrars of the
interrnediate states have been obtained using a
Montg Carlo sirmulation of wicrocrac!: develop-
ment® for the particular microstructure of thc
aluninuri alloy used. In all cascs, the calcu-
lated histograms matched the experimental oneé
cuite well. Since the Monte Carlo siuulation
is based upon actual crack nucleation and early
grovth data on aluminu alloys, there is every
recason to believe that this interpolation methed

reflects the actual microcrack developnent with
sufficient accuracy, and, in the few cases
studied so far, this speculation hLas becn
confirmed.

A. Life Tiwe Prediction in Initiation - In the
following, an attempt is rade to relate the
second harmonic generation data to microcracking
parameters, a step necessary to arrive at a
successful fatigue life prediction during the
initiation phase of fatigue. To arrive at such
a rclation the assunpticn was macde that harnwonic
generation occurs where the fracture surfaces
contact each other gently. This area of contact
is schematically shown in Fig. 3 as a dark
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Fig. 3 Repres.ntation of a partially closed
cracke

band, It is this region of ]Cﬁ contact stress
in which Richardson's analysis™ would be quali-
tatively applicable. As an external tension or
compression stress is applied, the crack will
start to open or close. If the stress is high
enough, harmonic generation will cease to occur
for both tension and compression. Semi-quanti-
tatively, the second harmonic amplitude
gencrated per microcrack should then be propor-
tional to the crack length {2¢}. For any length
elewient in the path of the SAW of width d the
microcrack density of A cracks per cm® will make
an infinitesimal contribution to the harnionic
generation given by

BA, = =2 I(Zc) (8)

Ir Eqn (5}, £(Zc) 1is the total crack lencth
interrogated by the SAW and F = de(2 = total
path length). In the follewing the quantity

1/F £{2c) will be simply defined as (2cA), where
A ray he interprctec as the cracking dunsity.
Therefore :



(6)

Integration over the total path length (assuming
that the attenuation is negligible) and
combining Egns. (4) and (6), yields

g dZc)
[A ()3 "

AAy= d(2ch )Ax.

(7)

so that the relative change in harmonic
generation (due to microcracks) is given by

Ar(2)-1 = kF(2ch), (8)

where k is a proportionality constant. The
guantity F(2cA) may be interpreted as the total
crack Tength, seen by the SAW, which can be
obtained either by direct experimental obsecr-
vation or from the Monte Carlo simulation (which
is hased on expcrinental data as pointed out
before). First results, obtained by a compari-
son of the harmonic generation data taken at
Omax = 0:9 ayjarq (See Fig. 1), with the total
crack length, %s ohbtained frori a Monte Carlo
simutation, verify the prediction of Lgn. (8)
satisfactorily, as shown in Fig. 4.

In addition, the Monte Carlo simulation
yields information about the relation of the
guantity (2cA) and the fraction of Tlife spent in
fatigue, N;. The result, for the sawe specimen
as previously discussed, is shown in Fig. 5
which can be expressed by the empirical relation

N-|2 ]

(2eh) = (2ch)y (9)

at Teast above ahout Nj = 0.5. In Lgn. (9) the
quantity (2cA)y is primarily related to the
total crack length at the point vhere 100% of
the fatigue life in the initiation phase has
been spent. Corhining Cqns. (8) and (9) yields
the remaining fatigue life

ANi = I'HT (10)
to be

Az(z)-l
AN_I = i- W(Z(:_A)t_ (11)

From the Monte Carlo simulation a value F(ZcA)t
= 14.3 mm is obtained for the experimental
conditions under discussion and from Fig. 4,

k = 0.245 mm™t. Using the second harsionic data
(at 0,5, = 0.9 yi01q) from Fig. 1, thus yiclds a
measured fracti%%tog remaining fatique life,

AN which can be cormpared with the
rmeasured> ® i A ARSI
actua ¥ract1on of remaining Tife in initiation,

M:actua1' and

As shown in Fig. 6, AN, t47

AN asured (using [qgn. llf basica?ﬁyu¥o1low a
one-to-one relationship to within 5% anove ahout
50% of expended fatigue Tife. Below 50% of
expended fatigue life, deviations seem to be
mainly caused by the statistics of nucleation

and early grovth within the first grain. The
above analysis appears to be applicable, how-
ever, as soon as the longest cracks overcome the
first grain boundaries. Indications for this

. transition at 5C% life expended become quite
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apparent by splitting the quantity (2cA) into a
part ihat contains all cracks smaller than L,
the mean grain diameter, and a part that con-
tains &1 cracks ltarger than B:
4 T T T
0 | 1 ]
0 4.1 8.2 123 16.4
F{2C A), mm
Fig. 4. Harmonic generation data as a
function of total crack length
F(2ca).
16 T T T T
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£ (2cA) = {26A} N2
= sl .
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PERCENTAGE OF LIFE IN INITIATION
Fig. 5 The quantity "{2ca) as a function of
tife in initiation at
Omax = U+ Oyield
(2ch) = (2ch)peqp *+ (2cM)nesp (12)

The result is shoun in Fig. 7. After an initial
growth, the quantity (2cA)o..p Stays about
censtant above 509 of life expended. At the
same time (2chA) starts to grow rapidly.
Basud ujon this separation it is possible to
express the quantity (Z2ch), in Egn. (11) in the
follewing viay (without going into the



ANMEASURED

details). For a material of mean grain siz.
diameter D = 70 um (as investigated in the

present work) the longest crack. after 100% o
life have been expended in initiation, has a

size
(2ch), =3.1 D5y (13)
(where £, is the cracking density of all cracks

that are larger than D),
and since, in the present case,

that the values for Lk and F in Egn. (11) are
also independent of Smaxs the harmonic
generation shoi'ld be independent of Opax® @
result which is basically observed, as evidenced
by Fige 1.

B. Life Tiwe in the Propayaticn Phase - In
order to confirm the previous statement, that
for smooth bar specimens the major part of the
total fatigue life is spent in initiation,

TARLE i1

(Zc)t ~ 80 (14) Cracking Parameters as a Function of Maximum Fatique Stress Level
we obtain
Omax (2¢)¢ L , ZCA)tZ
(2cA)t =~ 1/3 (2c)t):t (15) mm e R
o ' 0.59 0 yie1g 0.75 341 95.7
076 9 yialg 0.56 492 131.7
ol 0.9 9 yia1g .40 175 90.7
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Fig. 6 Comparison of remaining fatigue
Tife, AN, reds determined
from harmon1c generat1on data,
versus Alactua1' .
These quantities in Egn. (15), as obtained from
actual SEM and optical microscopy, are given in
Table II for the three stress levels at which
harmonic generation data have been obtained. ] ! |
These data show that Eqn. (15) holds reasonably o 20 40 60 80 100
well at the lower stress levels. Some deviation PERCENTAGE OF LIFE IN INITIATION
at o 0. % is caused by the fact that
the ﬁargest cr%cEs on this specimen started to Fig. 7 The separation of the quantity F(2ca)

grow predominantly at the specimen edges ocutside
the region of microscopy. Indications are,
however, that the quantity {2cA),, which is
related to the tetal crack lengt (thus includ-
ing all cracks, even the ones that are unimpor-
tant to failure) rnay be replaced by the product
of length and density of the cracks, iriportant
to failure.

Even of riore interest may be the last
column in Table II. On all specimens, subjected
to a wide range of fatigue stress levels. we
find that the quantity (2cA)t is basically
independent of ¢,.,.. Since it is to be expected
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into a part for which all cracks are
swaller than D and a part for which
all cracks are larger than D.

specinens that had been pre-fatigued in flexure
were exposed subsequently to unidirecticnal
tension - tension fatigue (thus avoiding the
non-uniform through-the-thickness stress distri-
bution experienced in flexure). After pre-
fatigue, the tapered geometry of the specimen
was changed to cne of uniform cross section, to
give the longest crack, which may be anywhere
along the tapered section, a chance for further
growth, leading to failure of the specimen.



Three specinmens vere prepared, as indicated in
Table III. A first one was not exposed to pre-
fatigue at all, a sccond one was pre-fatigued to
N; = 0.65 (1800 cycles) and a third one to N; 1
(5700 cycles) at Opax = 0-9 0uie14+ As expected
the second specimen ronta1ned“cracks, the
longest one having a size of the nean grain
diameter. The longest crack of the third speci-
men had grown to a surprisingly large size’
(140C um).

For a lifetime prediction it is important
to know the crack depth a. Certainly, the
aspect ratio is smaller than the usual value of
0.5, which is the equilibrijum value in a uniform
stress field over thc total :ross section, since
in flexure the stress goes to zero at the needed
axjs. We estimated, therefore, that the cracks
grown in prefatigue may have an aspect ratio in
the vicinity of 0.3, vielding the crack depth
estimates given in Table III. Faijlure is
assumed to occur as soon as the longest cracl,
achieved during prefatique, regches the backface
of the speciwmen, thus yielding

AN=——2‘—”—
P (m-2)A(Bag)"

1 1
a(m-2)/2 gfm—ﬂ)/t

(16)

where @ = 2.8, A= 1.6 x 10'8, [ a geometrical
factor” (chosen for a part-through crack), Ac
350 MNm™“, a the initial crack depth and d the
specimen thickness ( 1.5 nm). As may be seen
from Table III, the calculated Al for the third
specimen is somewhat too high (by'about a factor
of 2.5). This overestimate is to be expected,
since we used a (straight line) "Paris Equation"
which does not account for the sigmoidal shape
of the actual da/dN versus AK curve. Further-
more possible coalescence of the longest crack
with other migrocracks has not been taken into
account. Fron this point of view, we have to
consider the agreement between the calculated
and observed AHp as rcasonable. Most important,
however, is the"observation that the remaining
Tife of the third specimen, ANy corve 350
cycles, is indeed short with respect to the Tife
in initiation. Comparing the data for the

specinen fatigued at o, = 0700 g (see
Table I) with the ones above 1nd1ca{es that for
fatigue at a crmpurable stress leve! only about
5% of the total life is spent in the propagation
phase.

Takle Il also shows that the discrepan.y
between the calculated and cbserved AN becomes
worse, the smaller th Tongest cr-ck, ana it is
gquite clear, that the simple minded fatigue life
predict'on l:ccomes more and more inadi.quate. It
is satisfying, however, that the observed AN,
beci.mes larger, the smeller the longest crack

CONCLUSIONS

The presented work is an initial attempt to
develop a life prediction wethodolgy in the
initiation phase of metal fatigue. This method-
ology is basced upon the relatiun betueen micro-
crack development and the outputs cf a nondes-
tructive testing method, in the present case
harmonic generation. It is clear that improve-
ments are necessary, particularly in descrihiig
the functional relations of microcrack density
and length of the lungest crack on one hand and
the remaining life in initiation on the other
hand in a more appropriate statistical fori,
rather than in an empirical one. However, even
in the present forn, it seems possil-le, to take
the microstructural parameters of the ailoy
investicated into full considcration. Further
work is also needed to pinpoint the exact
mechanism of harncnic generation at faticue
cracks, presently thought to be due to the
openin¢ and closing of the cracks.

However, we believe we have shown, that
fatigue 1ife prediction in metals is possiile
over the last 50% of the 1life spend in
initiation, which is a vast improverent over
present day technology. It is thus believed,
that the develeoped methodology may be applicable
to programs such as "Retirement for Cause” in
which early fatique crack detecticn is
necessary.
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TABLE III.

Calculated at observed remaining 1ife in tension-tension fatiguc of prefatigued specimens.

Tension-Tension conditions:

= 350 MN,"%> Syield =

500 N2, 3 1.6 x 1078 (aK)2-8

— 2c (um} a (un) Al Star o AN
Specimen (Otpically) (Estimate) (HNm'“/ ) (ObserEed) (Ca]cu]éted
No Prefatigug (N =0) 0 0 0 6420 o=
1800 Cyé;es (N; = 0.65) 70 20 2.3 ‘ 3560 5.0 x 104
2700 Cyc1;;-£ﬁ1 = 1) 1400 ;gé- 11 350 - -"éég N
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SUMMARY DISCUSSION
(0tto Buck)

Gordon Kino (Stanford University): Can you tell me why there is an N squared rela-
tion for the life prediction curve?

Otto Buck: You mean, why does (2cf\) increase with N squared? No, I cannot at the
present time.

Gordon Kino:t It's empirical?
Otto Buck: Yes. It's empirical.

Alastair Morton (NSRDC): Did you look at any other methods of fatigue life prediction
other than this one before you started? For example, any dislocation density
measurements? Is there something in the literature that relates to degree of
hardening due to dislocation density changes in the surface layers with the life?

0tto Buck: What we are looking at right now are residual stresses in the surface
and the change of those with fatigue and you can see these effects using X-ray
or acoustic ‘techniques. 1In direct answer to your question, we have looked at
dislocations in pure aluminum and there are indications th&it the acoustic
harmonic generation changes due to a shakedown of the dislocation structure
during fatigue, but I don't think that these are, at least in the high-strength
aluminum alloys, overriding effects because of dislocation repinning. There
are certain materials, high purity aluminum, e.g., where you can see slight
effects on the attenuation, but these are very small. The major attenuation
effect in the present case stems from generation of the microcracks. 1In
general, I believe that in materials where immediate dislocation repinning is
possible, you should be able to see dislocation rearrangements (fatigue
hardening or softening). The only method that I know of, that is not hampered
by this problem, is positron annihilation, because it does not require dis-
location mobility. In addition, and if you are lucky, you may be able to use
an eddy current method, but that may require low temperatures to see effects
due to dislocation resistivity.

# #
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